The appropriateness of normalizing data, as one method to reduce the effects of a covariate on a dependent variable, should be evaluated. Using ratio, 0.67-nonlinear, and fitted normalizations, the aim of this study was to investigate the relationship between ground reaction force variables and body mass (BM). Ground reaction forces were recorded for 40 female subjects running at 3.7 ± 0.18 m·s -1 (mass = 58 ± 6 kg). The explained variance for mass to forces (peak-impact-vertical = 70%; propulsivevertical = 27%; braking = 40%) was reduced to <0.1% for mass to ratio normalized forces (i.e., forces/BM 1 ) with statistically significantly different power exponents (p < 0.05). The smaller covariate effect of mass on loading rate variables of 2-16% was better removed through fitted normalization (e.g., vertical-instantaneous-loadingrate/BM 0. 69±0.93 ; ±95% CI) with nonlinear power exponents ranging from 0.51 to 1.13. Generally, these were similar to 0.67 as predicted through dimensionality theory, but, owing to the large confidence intervals, these power exponents were not statistically significantly different from absolute or ratio normalized data (p > 0.05). Further work is warranted to identify the appropriate method to normalize loading rates either to mass or to another covariate. Ratio normalization of forces to mass, as predicted through Newtonian mechanics, is recommended for comparing subjects of different masses.
The appropriateness of normalizing data, as one method to reduce the effects of a covariate on a dependent variable, should be evaluated. Using ratio, 0.67-nonlinear, and fitted normalizations, the aim of this study was to investigate the relationship between ground reaction force variables and body mass (BM). Ground reaction forces were recorded for 40 female subjects running at 3.7 ± 0.18 m·s -1 (mass = 58 ± 6 kg). The explained variance for mass to forces (peak-impact-vertical = 70%; propulsivevertical = 27%; braking = 40%) was reduced to <0.1% for mass to ratio normalized forces (i.e., forces/BM 1 ) with statistically significantly different power exponents (p < 0.05). The smaller covariate effect of mass on loading rate variables of 2-16% was better removed through fitted normalization (e.g., vertical-instantaneous-loadingrate/BM 0.69±0.93 ; ±95% CI) with nonlinear power exponents ranging from 0.51 to 1.13. Generally, these were similar to 0.67 as predicted through dimensionality theory, but, owing to the large confidence intervals, these power exponents were not statistically significantly different from absolute or ratio normalized data (p > 0.05). Further work is warranted to identify the appropriate method to normalize loading rates either to mass or to another covariate. Ratio normalization of forces to mass, as predicted through Newtonian mechanics, is recommended for comparing subjects of different masses.
Key Words: allometric, covariate, nonlinear, ratio, regression, scaling
After implementing a suitable research design to investigate the effects of an independent variable on a dependent variable, the choice of data analysis plays a pivotal role in the validity of the results. For instance, although normalizing data will not necessarily increase statistical power, it should improve the validity of the results. Normalization techniques include a variety of transformations to improve the normal distribution (Tabachnick & Fidell, 2001) , offset normalization to reduce variation in kinematic data (Mullineaux, Clayton, & Gnagey, 2004) , and ratio normalization to account for systematic differences, or covariates, among subjects (Raftopoulos, Rabetas, Armstrong, Jurs, & Georgiadis, 2000) . Typically, ratio normalization assumes a linear effect of the covariate on the dependent variable and is commonly used, for example, to remove body mass effects from ground reaction forces (e.g., Duffey, Martin, Cannon, Craven, & Messier, 2000) .
In removing the effects of a covariate, a number of assumptions should be checked. Firstly, there should be a theoretical relationship between the covariate (e.g., body mass) and the dependent variable (e.g., peak vertical force). Theories could include that mass is linked to force directly by Newton's second law. This may support the finding that normalizing ground reaction forces to lean body mass is better than using body mass (Raftopoulos et al., 2000) owing to the force-generating properties of muscle. Secondly, the type of relationship should be supported by a theory. Ratio normalization is often used, but this is not supported by geometric scaling or dimensionality theory. Geometric scaling of a variety of energetic variables, based on the physiology literature in horses, suggests that muscle force is proportional to muscle cross-sectional area (Hof, 2001, p. 354) . Based on dimensionality theory, cross-sectional area is proportional to volume to the power of 0.67. Hence, as mass equals the product of density and volume, force is proportional to mass to the power of 0.67. When relating body measurements to performance measures, this analysis is often referred to as allometric scaling (see Hof, 2001) . Thirdly, the choice of method for removing the effects of a covariate is important. Winter and Neville (2002) demonstrated that fitted normalization, which may provide linear or nonlinear results, based on allometric scaling theory was superior to both ratio normalization and ANCOVA in removing the effects of a covariate on a dependent variable.
In the literature, ground reaction force data have been ratio normalized using body mass to the power of 1 (i.e., a linear relationship; e.g., Duffey et al., 2000) . Although this normalization method allows for comparisons between subjects of different mass, there is a need for data supporting the validity of this approach. Using ratio, 0.67-nonlinear, and fitted normalizations, the aim of this study was to investigate the relationship between body mass and ground reaction force variables in a group of healthy subjects.
Methods
With institutional ethical approval, 40 healthy female recreational runners provided written informed consent and volunteered to participate in this study (age = 26 ± 9 years; height = 1.65 ± 0.06 m; mass = 58 ± 6 kg; mileage = 47 ± 15 km·week -1 ). Between three and five trials running at 3.7 ± 0.18 m·s -1 over a Bertec force platform (Columbus, OH) sampling at 960 Hz were recorded. Data were analyzed using custom written code in Labview (National Instruments Corporation, Austin, TX). The data were smoothed using a fourth-order, low-pass, undamped filter with a correction for the second pass and a cut-off frequency of 50 Hz.
To reduce the within-individual variability and increase statistical power, the calculated variables for all trials for each subject were averaged (e.g., Mullineaux, Bartlett, & Bennett, 2001 ). Variables calculated were the peak vertical force during the impact phase (FzImpact), peak vertical force during the propulsive phase (FzProp), and peak negative anterior-posterior force during the braking phase (FyBrake). Average loading rates in the vertical (FzALR) and anterior-posterior (FyALR) directions were calculated as the gradient between 20% from heel strike to 80% before FzImpact and FyBrake, respectively. Instantaneous loading rates in the vertical (FzILR) and anterior-posterior (FyILR) directions were calculated as the peak gradient for all consecutive data points between 20% from heel strike to 80% before FzImpact and FyBrake, respectively. Data were presented in absolute units (N; N·s -1 ), ratio normalized to body mass (N·kg 
The 95% confidence intervals for the fitted exponent, b, were also obtained. Power exponents for the absolute data (b = 0), ratio normalization (b = 1), and chosen 0.67-nonlinear normalization (b = 0.67) that exceeded these confidence intervals were considered statistically significantly different (alpha = 0.05) from the fitted normalized data identified through the log-log transformation. The Pearson-product moment correlation coefficient (r) and explained variance (r 2 ) between BM and the absolute data and between BM and each set of normalized data were calculated. For normalized data, r close to zero indicates that the effects of BM have been removed (Batterham, George, & Mullineaux, 1997) .
Results
The descriptive statistics for the absolute and ratio, 0.67-nonlinear, and fitted normalized forces and loading rates are displayed in Table 1 . In the vertical and anterior-posterior directions, 27 to 70% of the variance in the absolute force variables was explained by body mass. By ratio normalizing these forces to body mass, this explained variance reduced to less than 1%. This small explained variance supports a linear relationship between these forces and body mass. The explained variance was marginally improved through fitted normalization to less than 0.1%, but the power exponent (b) was approximately and nonsignificantly different from 1 (p > 0.05; i.e., the 95% CI encompassed 1), supporting the use of ratio normalization of these forces.
With regard to the instantaneous and average loading rates, between 2 and 16% of the variance was explained by body mass. Ratio normalization beneficially reduced this explained variance to between 0.6 and 2.2%, but fitted normalization was better in reducing the explained variance to less than or equal to 0.1%. Generally, the fitted power exponent was less than 1, indicating a nonlinear relationship with a tendency for heavier subjects to generate a relatively smaller loading rate. Despite these trends of ratio, 0.67-nonlinear, and fitted normalizations all reducing the explained variance, only the power exponent for the fitted normalization for FyILR was statistically significantly different from the absolute data (p < 0.05). These nonstatistically significant differences are clarified by the large 95% CI for the power exponents (e.g., FzILR, b = 0.69 ± 0.93).
Discussion
Ratio normalization of impact vertical, propulsive vertical, and braking forces reduced the explained variance due to body mass from 27-70% to less than 1%. Marginally better results were obtained for fitted normalization, but the power exponent was almost 1 and statistically significantly different from 0 (i.e., absolute data; p < 0.05), supporting the appropriateness of ratio normalization to body mass. This is supported theoretically, since Newton's second law states that force and mass are linearly related. Consequently, these forces should be ratio normalized to body mass to account for differences in subject mass.
With regard to loading rates, generally there were no statistically significant differences in power exponents between absolute and 0.67-nonlinear, ratio, or fitted normalizations using body mass as the covariate (p > 0.05). Coupling this with a maximum explained variance between loading rates and body mass of 16%, the large variability in loading rates in this group of runners cannot be statistically significantly removed by normalizing to body mass. Nevertheless, the small effects of body mass were well removed by ratio normalization and almost entirely removed by fitted normalization, suggesting Note: Forces are impact-vertical (FzImpact), propulsive-vertical (FzProp) and braking (FyBrake). Loading rates were calculated between 20% and 80% from heel strike to FzImpact or FyBrake to provide an average loading rate (FzALR; FyALR) and between each consecutive data point to obtain the peak instantaneous loading rate in this region of the curve (FzILR; FyILR). that both methods can be used as effectively. For two of the four loading rate variables, the fitted power exponent was approximately 0.67 as predicted from dimensionality theory (see Hof, 2001) , and a third was 0.51. The fourth was 1.13, which may be due to, for example, greater random variation in FyILR that is not accounted for through the data treatment of averaging trials. The tendency for the fitted power exponent to be less than 1 indicates that heavier subjects generated relatively smaller loading rates in comparison to lighter subjects. Hence, if loading rates were ratio normalized to body mass, this would overcompensate and reduce loading rates incorrectly for heavier subjects. That is, loading rates are not related to body mass to the power of 1, and thus ratio normalization introduces error or variability into the data. This has implications for any study with groups of different mass, as this error or variability will influence the probability value, which may reach statistical significance. In addition, the power exponents identified in this study are appropriate only for the variable definitions and delimitations of the design (e.g., over-ground running at 3.7 m/s) as the interactions between other factors (e.g., surface and speed) have not been assessed. Because the explained variance between loading rates and body mass was small and the 95% CI for the power exponents were large, it may be beneficial to account for influences other than body mass. Other factors that may influence loading rates could be incorporated into the equation (e.g., sex, age, and training distance: see use of the equation by Batterham et al., 1997) or a different covariate could be used instead for the normalization (e.g., lean body mass and thigh cross-sectional area). For example, as thigh cross-sectional area has been considered to influence muscle power as summarized from the physiology literature and as predicted by dimensionality theory (Hof, 2001) , then this may be more appropriate for normalizing loading rates in running to account for the effects of subject sizes and to facilitate the comparison of subjects of different dimensions.
In summary, appropriate normalization of data-for example, to account for body mass as a covariate-is essential to provide a valid analysis and to facilitate comparisons of results between studies. If different normalizations are performed, then researchers are encouraged to report data in absolute and normalized units to facilitate comparisons as has been recommended for offset normalizations (Mullineaux et al., 2004) . The results of this study have emphasized that the large effects of body mass on impact vertical, propulsive vertical, and braking forces can be removed through ratio normalization to body mass that possessed a statistically significantly different power exponent from the absolute data (p < 0.05). The smaller effects of body mass on loading rates were well removed through ratio normalization and almost entirely removed through fitted nonlinear normalization to the power of 0.67 as predicted from dimensionality theory. However, normalization of loading rates was not statistically significant (p > 0.05), emphasized by the large 95% CI for the power exponents, which warrants further work to identify the appropriate method to normalize loading rates either to body mass or to an alternative covariate. Ratio normalization of ground reaction forces to body mass was an effective method in reducing the covariate effects of body mass to an explained variance of ≤1%.
